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OF THEORETICAL AND EXPERIMENTAL HEAT-TRANSFER CHARACTERISTICS
OF BODIES OF REVOLUTION AT SUPERSONIC SPEEDS ‘

By RICHARD SCHIIEREB —

SUMMARY

A inrestijation of the three important factor% that determine
conrectice heat-transfer character%-cs at supersamic ~peed~,
looaticm of boundary-layer transition, recorery factor, and heat-
&an8fer parameter ha8 been performed at Much number8 from
1.49 to 2.18. The bodie8 of recoktion that were te8ted bud, in
most case8, -la,minar boundary layers, and the te8t remdt8 hare
been compared with acajlable theory. Boundary-layer transi-
tion was found to be aj$ected by h<a$transfer. Adding heat to a
[aminar boundary layer cau8ed transition to mope forward on
the test body, while remoring heat tamed transition to nzore
rearward. The8e ezperirnental result8 a.ti the implications of
boundarydayer-stabdity theory are in qua[itatire agreement.
Theoretical and experimental due8 of the recocery factor, “ba8ed
on the local Uach number just Outm-dethe boundary layer, were
found to be in good agreement for both larninar and turbulent
boundary layer8 on both of the body 8hape8 that were inre.sti-
gated. Jn general, ralue8 of the heat-tran8fer panqneter
(M88elt number dicided by the 8quare root of the Reynolds
number) as determined for both heated and cooled cones wn”th
uniform and nonuniform surface temperature, were in good
agreement with theory. It wa8 also found that the theory for
cones could be u8ed to predict the ralue8 of heat-tran~fer param-
eterfor a pm”nted body of reroltiion with large negat;re pre8sure
gradient8 with good accu.rac-y.

lNTRODetiCTION

Aerod-ynamic heating of a body flying at high speeds
resuh from the viscous dissipation of kinetic energy in the
boundary Iayer. Although. the viscosity of air is quite Io-iv,
the increase in surface temperature due to aerodynamic heat-
irg becomes kwge at supersonic speeds. At speeds as low as
1,000 feet per second under conditions where the ambient
t.emperatmreis above 40° F, the temperature rise is SuEicient
to make cabin cooling a necewifiy for ruan-cairying aircraft.
At higher speeds the temperature rise ch.n become, large
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Recmery Faatorson E@dfssofRedatkm at SnpemnfeSp?edWbr WlfUamR. WYrnbrow,
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enough to cause serious structural problems. Although
some natural cooling by radiation can be expected, continuous
i%ght of airpkuws and miasiks at supersonic speeds requires
some form of surface or internal temperat.nrecontrol.

In order to desi=mcoohg systems or adequate insiiation
for ~-sped air~t, the heat-transfer roeficients and the ___
reference surface temperature (recovery temperature) must
be know-n. The basic m.riabks, the recovery temperature, _.
and the Nnsselt number are primariIy functions of Mach
number and ReyuoIds number. In addition to being Mu- __
enced by the Mach number and Reynolds number, the
NusseIt number is aflect.ed by a-variety of other factors, the
most important of -whichare surfac+hxnperature gradients, -
Longitudinal surface-pressure gradients, and body shape.

The recovery temperature and heat-transfer character-
istics of bodies -ivithIaminar bounda~ layem are markedly
Merent from those with turbuIent bound~ layers and for
this reason the estent of the @n.inar-flow region in the .._
boundary layer must be known. Because the over-aII rates
of heat transfer are, in generaI, lees for laminar than for tiw _ _
bulent boundary Iayers, a body with a Iaminar boundary
layer would be heated Iess rapidIy than one with a turbulent
boundary Iayer. This fact is of particular importance in the _
design of wry high-speed missiles, and information on condi-
tions which contro~ the extent of the Iaminar-flom region in
the boundary Iayer is needed. The theoretical mork by

Lees, reported in reference 1, indicates that heat transfer has
a marked effect on the stabiLity of hminar boundary Iayers
on smooth flat.plates; as a result, it is expected that there is a -
correspond@ marked effect of heat transfer on the location .
of transition. Lees’ theory indicates that the effect of tmns- _
ferring heat from &surface to a Iaminar boundary layer is to
decrease the damping of small disturbance-sin the boundary
Iayer, whereas extracting heat tends to increase t-hedamping .
of small disturbances. The theory ah indicates that. at
each supersonic Mach number a rate of heat extraction from
a laminar boundary Iayer greater than a certain value results
in compIete damping of any smalI disturbance. This is of
importance in the desigg of supersonic aircraft because of the
possibili~ of extendirg the Iaminar region of the boundary
Iayer.

The Iaminar boundary layer in compressible flow has
proven to be much more amenabIe to theoretical treatment
than the turbuIent boundary Iayer. For this reason, a ]Uge
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body of theory exists for the laminar case while only a few
investigators lmve developed heat-transfer theories for the
turbulent case, For an example of the.latter, see ieferehce 2.

The heat-transfer literature devoted to tmperature-rwmv-
cyv faMom, reviewed in reference 3, indicates that theoreti-
cally the recovery fuctor for lamiuar boundary Iayers is equal
to the square root of the PrandtI munber, aud, for turbulent
boundary layers, is approximately equal to the cube root of
the PrandtI number. Because in theory the recovery facto~s
at moderate Mach numbela (1.0 to 3.0) are Iargely det.w-
miued by the typo of bounds.ly layer, little variation would
be expected between..tlw recovery factom me~ured on flat
pIatq cones, anclbodies with longitudinal pressuregradients.

The theory for dettmnin~o heat transfer in the Iaminar
boundary Iayer on a smooth, flat plate with a uniform surface
temperature has been developed by both Crocco, and
Hantshe and Wendt (reference 4).Z The yrork of CWgco
has been extended by Chapman and Rubeein (reference 5)
to include’ the effects of ~ommiform surface temperatures:
The effects of body shape and longitudinal surface pressure
gradients on the heat-transfer charactsrbtccs of Iami.qar
boundary layers have been investigated theoretically in ref-
erencm 6 and 7. Because of the additional variables con-
sidered, the rewdts of these two investigations are compIex
tmd therefore are difficult to applY. ID reference 8, Mangler
has presented reIationswhereby the characteristics of lamiuar
boundary layers on anybody of revolution can be determined
if the characteristics of the Iamimr boundary Iayer on a re-
lated hvodimensio.rtal body are known. T’heec rdat.iom can
b~ used to determine the heat-transfer characteristics of a
cone from those of a flat plate, but beyond this application
the relations are somewhat restricted b.e.causeof tho difficulty
in determining laminar boundary-layer characteristics on
two-dir ncnsiordbodies with pressuregradients. For a body
of revolution with negative pressuro gradients (ogive, para-
bolic arc, etc.) one can infer that the boundary layer, and
hence the heat transfer, is affected by.two factors not afTcct-
ing the boundary layer on cones. One is the decreasing rate
of change of circumference with length, and the other is the
pressure gradient. Since the effects of these two. factors on
the heat transfer tend to be compensating, it is poesible that
the theory for laminar boundary layers on cones maybe used
to predict the heat transfer in the negative-pressure-gradient
regions of other bodies of revolution. ...

The present investigation was undertaken to determine ~he
applicability of the available theoretical resuli.sof boundary-
layer transitio~, recovery factor, and heat-transfer parameter.
The purposes of the experimental phase of the.investigation
are.:

1. To determine if heat transfer, both to and from a sur-
face, affect-eboundary-layer transition.

Z. To measure recovery factor on cones W4 on a body
with a negative longitudinal pressure gradient for both lam-
inar and turbuleut boundary Iayers.

3. To measure the heat transfer in laminar boundary layers
on cones with uniform and nonuniform surface temperatures.

4. To measure the heat .trausfer i~. a lminar bou.ndwy
layer on a body with a negative longitudinal pr~ure gradient

JThe workof Cmxo, HantsohesndWenflt,sndothsrshssMen,canvenbmtly s-arltsd
by JohnsonsndRubmlainrskmco 4.

Tesb_yere conducted at severaI Jlarh numbura from 1.+ .=
to 2.18 on three bodies of revolution um.lm the. following
conditions:

1. Uniform surface pressure and n uniform” trnlpmnfur(’,
heated &rface (20° cone).

2. Uiorm surface pressure and a uniform tcmpcrn[urc,
cooled surface (20° cone).

3. Uniform surface pressure and a nonunifom tempw~- “”
ture, heated surface (20° cone, modified),

4. Noimniform surface pressure and a uniform tcmq}urti-
turc, heated surface (paraboIic.-arcbody).

Ahho.ugh the theory for hunirmrboundary layers indim tes
no basic change in heat-transfer processes between lwatcd
and COOM surfaces, it was considered dcsirabIc to Aiain
data under both conditions of Ivmt flow in order to htivc tlw
comparkon 0[ theory and cxpwimcnt cover Q brotid rnngp of
surface temperature.

‘ NOTATION

The following symbols have been usualill the prwwnlation
of the theoretical and experirnentnldata: “

A

c.

CD

C,

!7

H

h

k

1
.lf

Nu

P

Pr

Q

!l

Re

Re;

r
s
T
AT

T,

surface area of an increment of body length, squtm
feet

‘ skin-friction drag coefficient based on surfam arm,
dimensionless

specific hca Lat constant prcsaurc, Bt.u prr pound.
“F

c’--’”‘)temperature rec.o-rery factor, ‘r-y , dimrn-
T:– T,

sionless
gravitational accrkration, 32.2 feet per second

squared
wind-tunnel total pressure,pounds por squrtreindl

absolute F.-

1local heat-t~agsfcr coefficient -— -q
.l(T~ J

* Btu

per second, square foot, 0F
thermal conductivity, Btu per sccoml, squar; foul,

“F per foot
total body length, feet
Mach number, dimtnsionltxs

h,

()
‘“ local h@dL number ~ Jdimcnsionks

static pressure, poumls pm square inch nhsohlte

()‘“” PrandtI number ~~~ , dimensionless.
total rate of heat. transfer for an incrcmcnt of body

length, Btu per second
local rate of heat transfer, Btu per second, squnrte

foot

()P,178
local Repolds number ~ J (limcnsionlcss

free+ tream Reynolds number bud on lJOdY

body radius, feet
,- distance from nose along body surface, fceL

temperature, 0F
temperature increment, 0F

-- recovery temperature (surfaco twnperalure at
condition of zero heat transfer), 0F
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~,.= T,+4-50
Tr+-460

rJ-1*_ T.-wo
S ‘T,+460

T*= theoretical surface temperature for infinite bound-
ary-Iayer stability, 0F

~: free-stream wlocity, feet per second
V ~elocity just outside the boundary layer, feet per

second
W flow rate of cooIant, pounds per second
z distance from the nose along the body axis, feet

0
‘z

Z* length ratio ~ JcIimensionIess

P viscosit~, pouiils per foot, second
P air density, pounds per cubic foot

SUBSCRWTS

In tiddition, the folIowing subscripts have been used:
a fluid conditions in free stream
c Cookmt
o stagnation conditions in the”free stream
.s conditions at the body surface
2? fluid conditions just outside the boundary layer .
‘1.!! wind-tunnel wall

APPARATUS AND TESTS

Heat-transfer tests were conducted with three bodies: a
heated 20° cone, a cooled 20° cone, and a heated parabolic-
a.rcbody. The two conical bodies vrerQalso used to in-resti-
gate the effect of hemttransfer on boundary-layer trmsition.
The surface of each of the three models was ground and pol-
iehed until the maximum roughness was less than 20 micro-
inches in an attempt to elirninate surface &i& as a variable
in t-heinvestigation. MI of the heat-transfer tests -meresimi-
Iar in that measurements of the test conditions, Iocal surface
temperature T,, and the incremenhd rates of heat transfer Q
were made with each body. The recowmy ternperature, T~,
was measured in each set of experiments with t-hetest-body
heating or cooling system shut off and after both the wind
tnnml and surface temperatures had reached equilibrium.
The dimensionless heat-transfer parameter (Nu/l?e.Y, for
Iaminax boundary Iayers) was determined from the experi-
mental dat%by use of the following equation:

(1)

WJKD TUNNEL

The tests tith all of the models were performed in the Aries
1-by 3-foot SUpWSO?liC mind tunmi NO. ~. This dOSd-CiP

cuit, continuous-operation wind tunrd is eqtipped with a
fkxibIe-plate nozzIe that can be adjusted to give i%st+ection
Mach numbem from 1.2 to 2.4. ReS-nohls number variation

is accomplished by changing the absolute pressure in the tun-

.ne~ from one-fifth of an atmosphere to approfiatel~ three

atmospheres-the upper hit on preamre being a function of

llach number and ambient temperature. The rater content

of the air in the tid tunnel is maintained at 1sss than 0.0001

pound of mater per pound of dry air in order to &minate

humidity effects in the nozzle. All of the bodies t=ted were
mounted in the center of the test section on sting-type sup-
ports, The totaI temperature of the air stream was measured
by nine thermocoupks in the tid-tunnel settling chamber.

HEATED CONE TESTS

!l!est body. —The dettds of the heated cone are shown in
figure 1, and a photograph of the cone in the wind tunnel is
shown in figure 2. The shell was machined from stainless
steeI because of its high electrical resistance, and alI other
parts were made of copper. Several longitudinal walI-
thiclcuess distributions, obtained by remachining the inside
surface of the cone, were used to obtain diflerent longhdinal
surface-temperature distributions. The cone was heated by
passing a. high-amperage ahernating electrical current (S00
axnperes maximum) at low voltage (0.45 ToIts masimum)
longitudinally through the cone shell Because the electrical
resistance of the solid nose of the cone -was-rery smaII, the
forward 25 percent of the cone was, in effect, unheatied “

lhstrumentation.-The wiring diagram of the cone, show-
ing the electrical heating circuit and the temperature- and
power-measurement apparatus, is shown in @m-e 3. h~ine
iron-constantan thermocouples were instalIed at equal length
increments along the cone to determine ,the surface-tempera-
ture distributions. The thermocouples wgre installed in
hoIes drilled completely through the shell and were soIdered
in place. The ten voltage leads were. instded d a simiktr
manner and were arranged on the selector stitoh so as to .
measure the ~oltage drop of each successive increment aIong
-the cone. These measurements, with the current measure-
ments, determined the local heat input to the cone.

Test prooedure.-Data were obtained at length ReynoIds
numbers of approximately 2.5 and 5.o miIIion at Mach
numbels of 1.50 and 1.99. Cone temperatures of 300 F and
60” F above the tid-tumd totaI temperature were seIected
as nominal vahwa at which to obtain data. The surface
temperatures were set to the desired vahws b-y adjusting the
input voItage, and, with the cone at the desired temperature,
the following data were recorded: air stream total tempera-
tm.reand pressure, test-section static pressure, air stream
humidity, current, incremental voltages, and surface temper-
atures.

Accuracy.-The accuracy of the experimental data was
determined by estimating the uncertaint~ of the individual
measurements which entered into the determination of the
finaI resuks. The estimated uncertainties of the basic
measurements are as folIows:

Total temperature, To +1.50 F
Surface t-perature, T, +0.5° F
Total pressure,H +0.01 psia
Static pressure, p +0.01 psia
Current +2 percent
Incrernentai voltages +2 percent
Cone dimensions +0.005 inch

The m&&um probable-error of any given parwneter was ‘ ,
obtained from the component uncertainties by the method
described in referenoe 9. The maximum probabl~ error of
the heat-transfer parameter Nu/Rel/~ is +6.8 percent and
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thtit of the recovery factor is + 1.5 percent. Because the
over-alI accuracy is Iargely controlled by the accuracy of the
tot.al-temperature measurements, the experimental scatter
of data points obtained at a fixed value of the totaI tempera-
ture is much lees tlmrithat indicated by the values of over-all
accuracy. Although the smallpressuregradient (i- 1 percent

of the average d~-namic pressure) in the test section of the

wind tunnel was neglected in the reduction of the test clat.a,

its effect has been included in the calculat.ion of the ma.simum

probabIe error.

An effort was made to determine the magnitude of the error
due to hgat.radiation from the cone to the tunnel walls by
experimental means. The racliant-hmt loss was cvaluatvd
by the extrapolation to zero prwsure of datn ohtaincd at
severaI low values of total pressure with tl)c !viml tunnr] in
operations and was found to be negligible.

COOLED-COKE TESTS

Air-cooled cone. —The construction dctaiLsand t.hc pnth
of the cooling air through the ccmc arc shown in figure 4.
The outer shell was made of stainless steel and had rt wall
thick.neasof only 0,02S inch in order to minimize the hctlL.
conduction along the shell in the instiumcntul mm. The
inner cone also was mode of elainlcss stcd aml hud a vmll
thickrmssof 0.070 inch which was thin rnough to mnkc a[l
conduction effects iu the inner cone ncgIigi~h~. The nntllllnr
gap between the cones was designed to give a uniform surface
temperature in the instrumented region (x*=O.4 10 0.8).
Turbulent flow in this annular gap was necessary to oblain
the most uniform distribution of eoolrtnt tvmprrat,uroacross
the gap; therefore, the internal coolkg systwn wm clcsigncel
to operate. at a Reynolds number sufllcicutly high to iusurc
turbulent flow. In addition, the outer surface of thu imwr
cone was rcwghmecl with }k-inch-wide circumfcrcntifiI
grooves- spaced at };&J~ intervals. During the invcstigct-

IAnatknpt wasmade ta obtain the radtatlonmdlbratlonwfth the Iunncl lnnporntlw, but
theeunesurftwstem~tom werefound@ be VWYerratkbemuc of fn%=eonmetlonrw-
renti. F6i thfereeeorr,themethodwasabnndoned.
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tion, testsvieremade -withcoolant flow rates of 70 percent and
140 percent of the design value to determine the effect of
changes in the internal-flow ReynoMs number on the !internd-
tanperature measurements. The resuIts indimted that this
effect,was negligible.

CooEng systern,-The prima& requirement of the cooling
system vias that it- provide an adjustable and stabIe outlet
temperature at a constant coohmt- flo-ivrate. Tbie require-
ment was satisfied by the cooIirig system shown in figure 5.
The dean, dry air which was used as the coolant in the cone
was obtained from the make-up a~ system of the wind
tund and ccndd be coded to n minimurn temperature of
—90° F. In the development of the cooling system it. was
found that the use of the recovery heat exchanger provided
a marked increase in thernd stability. Tho temperature
drift of the coding system was extremeIy sIovrand amounted
to less than +O.1° 1?per &ute.

titrumentation. -bcal ra.tea of heat transfer were ob-
tained by measuring the incremental temperature changes of a
known -iveight-flowof coohmt flowing along the a.nrmk gap
between the inner and outer cones. The increments.Icoohmt
temperatures were measured by iron-constantan thermo-

2188S?-6~

couples spaced 1 inch apmt aIong the annular gap. Three
thermocouple junctions were located 120° a.pa.~ mld-ivay
between the walk of the gap at each of the five kmgituclina.1
stations. The surface temperature was measured with
stainleas-steeI-constantan thermocouples consisting of the
cone shell Md thin (0.002 inch thick) constantan ribbons.
The tips of the ribbons were soldered into holes in the shell.
The thin strips were cemented to the inner surface of the
aheII. This inatalIation minimized the interference of the
conatarhu wires with t-heflow of air in the coolant passage.
The flow rate of cooling air vvasmeasured with a rotameter
Iocated at the outlet of the cooIing system.

Test procedure, -’l?he tests viere performed’ at three
vahma of the -wind-tunnel total pressure -which gave Ie@h
Reynolds numbers of 2.2, 3.6, and 5.0 milIion. Data were
taken at the recovery temperature and at- three nominal
surface temperatures at each Reynolds number. The
minimti surface temperature obtainable with the coo&w
system at each pressure, and temperatur& approximately
20° F and 40° F above the minimum temperatures, were
“selected. The invwtigation -was performed only at one
Mach number (2.02) bemuse the theory for heat transfer
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with uniform surface temperature and previous tests with
the heated cone both indicated that the effect of Mach
number on heabtra.nsfer parameter is small within the range
availabIe in the wind tunnel (1.2 ta 2.4). Sehlieren obser-
vation, liquid%lm teats, and the absence of discontinuities
in the twnperatur~diqtribution rneasuuxnents @at would
denote transition indicated that the boundary layer remained
laminar for alI test conditions.

In order to measure the effects of cooling on boundary-
layer transition, it was necessary- to have the transition
point near the center of the instrumented area of the cone.
However, it. was known from the results of .teete of the
unheatcd cone that transition would occur downstream from
the instrumented mea at the condition of sero heat transfer
at the maximum available Reynolds number. The required
forward movement of transition was figcomplished by, the
use of three small grooves around the cone at approximately
the 8-, 10-, and 12-percent-length stations. All the grooves
were 0.010 inch wide and 0.015 inch deep, and extrema care
was taken to make them of uniform depth and with uniformly
sharp edges.in .an attempt to obtain the same longitudinal
position of transitio~ on all rays of the cone. Data were
obtaihed at several surface temperatures below the recovery
temperature in successive decrements of about 10° F. The
minimum surface temperatures investigated were the tem-
peratures at which transition moved out of the instrumented
area of the cone. The boundary-Iayer transition tests were
conducted at a nominal Iength Reynolds number of 5.0
million at Mach numbers of 1.5 and 2.0.

Aocuraoy.—The accuracy of the final remdts is based on
the accuracy of the individual measurement@invoh-ed and
on the probable uncertainty of some of the measurements

due to peculiarities of the Lest appmatus. The estimated
accuracy” of the individual measuremmts in this tLMtia as
follows :
Total temperature, To-------- .--------- .—-------------- +1.5° ?? ....

Surface temperature, T,

At maximum T,--_----.--.-.- —------------ ------ -. *1.5” F
At minimum T,-------------------------------------- &4.5° ~.

coolsmt-tern-perature increment, AT.
AtroAmum T,----------- —-----: ------------- ~0,070 F.. .
At minigmm T----------------------------------- +.0.05° 1?

Internal air-flowrate, 17”(at design flow rate). . . . . . . . . . . . . . + 1.4%
Cone dimensions------------ ------------------ -------- *MM? iIlz
Cone-segment surface areas, A----- ---------------------- ..L4%

Tot.alpressure,H---------------------------------- +0. f)lpsia
Static pressure,p------------------------------------ .MLOI psia

Althoug~ the surface-t.empe~aturcthLmHocoupleswcrc”cfil-
ibrated and were accurate to within & 0.5° l?, the cxpwi-
mental variations from curves faired through the sets of sur-
face-temperature data were found to exccml this valur..
These variations are believed to have rcsultd from a non:.
uniform coolant distribution in the annuhw gap. Tlw tw-
curacy of the surface-ternperdure measurements at each sM.
of test conditions was taken as the local difference INIWIWU
the faircd curves and the data point farthest from lhe curves.
The local values of surface temperature used in the rcdurtion
of the data.were obtaincd from the faired curves.

Because the range of temperature differences I.wtwcenthe
cone and wind-tmmeI-wall tempemtures is similar LO[hat im
the heated-cone tests, the effect of radiant heat transfvr on.
the experimental accuracy again has been neglected. TIM
sRecte of longitudinal and circumferential heat conduction in
the thin stainless+teel inner cone aft of the 50-prrcc~~t-l~*llgt]l
station have been neglected. An approximate calculation of
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the actual conduction aIong the inner cone and thrcmgh the
inner-cone shelI reverded t,h&tithese effects viere ordy about
three-tenths of 1 percent of the tohd heat transfer. &in the
case of the heated cone, the effect of the small static preesure
gradient in the wind-tunnel test-section has been neglected.

As in the heated+one tests, the over-all accuracy of the
final values of the heahtransfer parameter was caIcuMed
from the accuracy or uncertainty of each of tie individmd
measurements for aU test conditions by the method of ref-
erence 9. Because of the variation in the uncertainty of the
surface temperature and internal-tanperature increments,
the final accuracy of the heat-transfer parameter varies from
‘+12 percent at the most. forvmrd w“ction of the cone to +8
percent at the rear of the cone.

PBSSSUBEGEADIBXT BODY =TS

Body and instrumentation,-The body virus axially sym-

metric and its radius at any longitudinal station is given by

the relation “

(2)

Since the forward pimtion of the body -iyasadequate for the
purpose of the present inve@igation, the Iength L b equation
(2) was assigned a value of 18 inches, but ordy the &et Sfi
inches of the total length were empIoyed. The vertex angle
of the test body was 37° and its fineness ratio was 2.83.
LAe the cones, the exterior shell of the body was machined
from stainlees steel. The heating circuit, instrumentation
and general design of the parabolic-arc body -weresimilar to
those of the heated cone; det-a.dsof the body are shown in
figure 6. The shell thickness was designed to provide a uni-

~8”500 ~

Sfffinless
shell

form surface temperature at a Mach number of 1.5 by as-
suming that the t@ory for cones was applicable. In addi- .- -—
tion to the heated body, another body identicaI in contour
was empIoyed to determifm the pressure distribution and,
consequently, the Mac-hnumber distribution just outside the
boundary, Iapr along the body.

Procedure and accnraoy.-’l%e test procedure and accu- -
racy tith the parabolic-arc body were tie wune as those -with
the electrically-heated 20° cone. Data were obtained at.
nomimd length ReynoIds numbers of 2.5, 3.75, and 5.0 mil-
lion at. Mach numbem ‘of 1.49 and .2.18. Surface tempera-
tures of 1200F; 160° F, and 200° F were arbitrarily chosen as
vaIues at which to obtain data. Pressure-distribution mea-
surements also were made at the same Mach nunibera and to-
taIpressuresas for the heat-transfer measurements. Be~use
the local static preesuree on the pa.raboIic-arc body were
measure~ the maximum probable error of the recovery factor . _.
is + 1 percent rather than “+1.5 percent as in the case of the
conical bodies.

RESULTSAll Discussion

EFFECT OF HEAT TUMWFEE ON BOUNDARY-LAYER TE4??-SITIOX

The effect on transition of adding heat to a kuninar bound- ,
m-ylayer at a Mach number of 1.99 is shown by the Iongitu-
W surface-temperature distributions in figure 7. The
effect of removing heat from a huninar boundary layer at
Mach numbers of 1.50 and 2.02 is shown in figure 8. The
start of transit-ion is indicated by an abrupt decrease in
surface temperature for the case of heah addition and by a
rise in surface temperature with no heat tmmsfer or when
heat is removed from the boundary hiyer. These changes
h surface tempmture remdt from the differtmce in heat-

I
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transfer coefficients between the laninar and turbulent
boundary-layer regions. Only the data from one side of the
cooled cone are presented in figure 8 beoause tiition
occurred in a similar manner on We opposite side, but at a
position approximately 5 percent of the cone length aft of
that shown at aII tesLconditions. It .ehmdd be noted that
the lower curve in figure 7 nncl the upper curves in figure 8
were obtained at the concIitionof zero heat tramfer (T.= T,).

Dimensknless iengf~ x”

FIGumr7.—The effeot on trmraftlmrof addfng I&at to the lamfnar lmnndwy layer on a 21Y’
oanwM-1$9, Rq-5.OXl@.

In the case of the cooled cone (@g. 8), the fact that the rise
in surface tempemture is indicative of transition hm been
verified in four ways:

1. Liquid-!llm tests at the same Iength Reynolds number,
at reco~ery temperature, have indicated transition in the
region where the rise in surface temperature occur=.

2. The surface-temperature “iiatitibutioti ahead.of the rise
in surface temperature are almost identicaI in shape with
those obtained in tests with the same body for which the
measured heat transfer indicated laminar flow.

3. The region in which the rise in surface. temperature
occurs moved forward with m increase in the number of
grooves.

. .

4. The recovery factor increased by 0.04 in tie region
where the rise in surface tenmerat,ureoccurs,4 which is in.
agreement with the hinge between Iaminar &d turbulent
flow obtained both in theory and in other experiments.

~The variation of the extent of the lam.har boundary layer
alo~ the heated ancl cooled cones indicates that heat addi--.
tion promotes early transition while removal delays transi-
tion. The. theory of reference 1 and these results are in

~The rewmry factor on thla model, wirhout grooves, wee OXL whiob k in agreementwith
theRSUIIS for a f.smhmrboundary farm obtained WfthW oUIermodeh. ‘VJeabmlute *u’s$
of the recovery factora‘tdreadof and bebInd the * fn anrfruMtemrxwatare wwe found to
decreaseeoutbmonslywfth an incr’e= fII nnmber $tKI’?QVC%.But~~ dfffe!enw = ~waV
OM+O.005. With the,threemm= that weree, the laminarYroundary-fayermoverr
factorwee0.81and@ turbulentbeundary-layermluem 0.S5. Tfrereasmfor thfeohange
Inrremery feetorwithnumberof mxmrnk rmknowm

b
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(a)M-I.50,ReI-6.OXl(t.
(b).V-2.02,RuI=5.OX1O!

FIGLTIW.S.-Eflacf on trnnsltfonof ramovlng beat lronia lamlrrarMx.mdarylayer ona ~ WJne
with a smallhrltleI roughnes

qualitative agreement, For the prwenL test conditions with
the cooled cone, the theory indicates that the boundary layer
shouId be M.uitely stabIe at surfam temprraturcs (T,.)
of –6.6° F ancl 49.0° .F at Mach numbers of 1.5 and 2.0,
resmctiveIv, The data sho!m in figure 8(b) show tlmbtran-. .
sition occurred at surface ti?mperatl;resbeio”wthe thcorcticn]
infl.nite-stabilitv limit at a 31ach number of 2.02. and [hc
data shown in” figure 8(a) intlcate that a simiIa~ rcsslt is
possible at a 31ach number of 1.50.

The limited range of the present experiment makes iL
impossible to draw any definite conclusions regarding tho
quantitativee .tiect of heat transfer or Mach number on
{ransition. The data indicat~, however, thut the movement
of transition with surface temperature for the cooled cone
is at least similar at both Mach numbem. The constant.
elopes of the lines (in figs.7 and 8) through the poinls at
M% beginning of transition for both cones indicate thtit,
for the present experiments, the increase in the length of
laminar run is directly proportional to the difference be-
tween the surface and recovery tempernturee, and therefore
is a linear function of the rate of heat transfer. AIthough
the present experiments hnve proven qunIitrttivcdythat.hoaL
transfer affects transition, additional e-xperimentsat higher
Reynolds numbers (without roughness) and in a Iow-turbu-
lence air stream are remirecl to obtain quantitative data.
on the tiect of bent tnmsfer on boundary-iayer t.ransition.s

~Areeont quentftatfre etudyof tbeeffectofhat eddkkmon t&.Wfon II&Sbeenmadeby
Higgins and Pappas and publishedasNAOA TX 2831.
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RECOVERY FA(XOE ~

‘17Uypical wihies of the recovery factor obtained at sereral
ReuynoIdsnumbers at nominal Mach numbers of 1.5 and

.2.0 with the heated-cone model at the condition of zero heat
hsfer are shown in &m-e 9. Data obtained with the
cone at a Mach number of 2.0 tith various means of causing
transition are also shown. Data obtained with the para-
bolic-am body are shovin in figure 10. The theoretical
ndues indicated in both iigures are based o-n a PrandtI
number of 0.719 which is the value for dry air at 70° F:
The theorethl recovery factors are therefore 0.848, P#,
for Iaminar boundary hqrers and 0.896, PrU3, for turbulent
boundary layers.

The experimental values of the recovery factor for fibu-
“Ient boundary Iayers on the heated cone. were obtained by
resorting to artificial means of causing transition. Three
methods were. used-a ring of 0.005-inch diameter wire,
a coat of lampbIack-Iacquer misture, and a band of salt
crystals. The tie and seIt crystals were located at about
1 inth from the oone tip, sad the lampblac-k coyered the
cone forvmrd of the l-inch positiom

The data shown in figure 9 for laminar boundary Iayera
are in fairly good agreement with th&ry. The dMerence
between the -m.Iuesfor the two Mach numbers in the region
s*=O.3 to 0.6 is believed to be pertly due to the fact that
tie average Mack number was used in the reduction of
the data. The most rearward data. points obtained with
a Iaminar boundary Iqer at the &sinmrn Re-poMs numbem
(fig. 9) indicate the begkukg of na.turd transition. The
data obtained with turbulent.boundary layers are somewhat
lower than t-he theoret-icaI mdue, but- the agreement is
considered to be good enough to justify use of the theoret-
ical value for design purposes. The differences between
the results obtained with the various roughnesses decrease
to smaIIn-dues toward the rear of the tine.

IA detailed discndon of Lhephysied conceptr4the wm~ermuremmwry factorforkmfrmr
tmumd=Y@ers isgirenby~w inXACATX 1’275.
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Since the exk.rnal geometry and surface&&h of the heated
and cooled cones were identic@ there were no essential

difhrences in their recov=y factors. For this reason, the
recovery facto= for the cookl cone are not presented.

The values of recovery factor for the parabolic-arc body
with both Ia.minarS@ turbuIent bouridary layers were based
on the local Mach number just outside the boundary Iayer
and these recovery factors are substantial y constant aIong
the body (@. 10). The W&MSof recorery factor for tur-
btient boundary Iayers, obtained by the use of lampblack,
are somewhat greater tlmn the -dues obtained with the
cone (Q 9). The data obtakd with a kmina.r boundary
Iayer on the parabolic-are body at a Mach number of .2.0
show a gradual increase in reco~ery factor aIong the Iength
of the body. This trend in t-hedata is believed to have been
caused by a gradual deterioration” in the surface finish of
the model due to testing and han&g. Data obtained at a
Mach number of 2.18 mid this body vihen it was new and
had a mirror-Iike flni& indicated a constagt rec-cm.ry factor
of 0.850. It + possible that surface roughness may cause
some increase in the kuninar boundary-layer recovery factor.

In general, the agreement between theory and exper@ent
indicates that the reccmery temperature on cones and in the
negat.ive-preasum-gradientregion on bodies of re~oIution can
be oomputed W-MIsatkf~ctory accuraqby use of the theoreh
ical reco-rwy factors and the local Mach number just outaide
the boundary layer.

.-
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HEAT TMIiSFEB

Results,-The theoretical values of the heat-transfer
parameter for cones with htminar boundary layers and uni-
form surface temperaturesare given by the fouowing equation
from reference 4:

(3j

in which the physicaI properties of the fluid me basecl on the
temperature just outside the boundary Iayer. Crocco’s
theoretical calcndations give values of the factor cd. Rellz
of 0.66 and 0.63 for.small temperature differences (T,— T~~
100° F) at llach numbem. of 1.5 and 2.0, respectively. If
the PrandtJ number is assumed to be 6.72, then the theoret-,
ical va~ues of heat-trtinsfer parameter at the two Mach
numbers are 0.51 ancl 0.49.

The surface-temperature and heat-transfer-parameter data
for the heated cone with an approximately uniform surface
temperature at a Mach ninnber of 1.50 are shown in figure
11 together with the theoretical vaIue of the heat-transfer
parameter for a uniform surface temperature [0.51), %mi-
hm data obtained at a Mach number of 1.99”for both the
approximately uniform and the nonuniform surface temper-
atures are shown in figure 12, and the. theoretical value of
heat-transfer parameter for a uniform surfam temperature
(0.49) is shown for comparison. The data for the least
uniform surface temperature shown in figure 12 is repIotted
in figure 13 and compared with a cume obtained by use of
the theory of reference 5. “The surface temperature dis&i-
bution, converted according to the method of reference ..8,
is also showmin figure 13 and will be discussed later. The
vahms of heat-trtmsferpar~.meter for the nonuniform surface
temperatures have been corrected for the effect of heat con-
duction in the eheLldue to the 10CSJsurface temperature

Dimensionless /engfh, x*

FIWCRE11,-H eat-tmnsferohemuterlaticgof thehcabxl XF wnetith themostuniformsurfece
tenlperatum;M- I.&o,R#]-%exId.

gradien@ This correction for the approximately uniform
surface temperatures was found to be negligible,

The heat-transfer data obtuinwl with tho cooled cone m-o
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presented in figure 14. MI of the longitudinal surface
temperature distributions obtained during the tests were
simihmin shape, and therefore only three typical distribu-
tions, those for a ReynoIds number of 2.2 miltion, are shown.
Local dues of heat-transfer parameter for the three surf-
ace temperatures at each of the three length ReynokLs
numbers are also presented. The surface-temperature
gradient that esisted over part of the segment nearest the
tip resulted in a conduction loss of 3K to 4 percent. The
heat-transfer data has been correoted for this effect. Dorim-
stream of the fist element there -wasno longitudinal con-
duction correction because the surface temperatmw in this
region -wasnearly constfmt. The scatter in tie ex-perimental
data (fig. 14) is about equal to the estimated maximum
probable error which resulted horn the inaccuracy of the
measurements of t-he incremental changes in coolant tem-
perature along the heat-transfer passage and from the scatter
of the surface-temperature data. The theoretical value
of the heat-transfer parameter, O.49,-is also shown in Iigure
14. The data nearest the nose deviate quite markedly
from theory, ~ fact -which is attributed to the efEects of
surface-tanperature gradients on the laninar boundary
layer. The -dues of heat-transfer pa.rtuneter obtained
with the heated cone with the approsimatdy uniform
surface temperature at a nominal surface temperature of
100° F (fig.12) hare been plotted in figure 14 for comparison.

, ,
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The measured pressure distributions required for the
reduction of the heat-transfer data on the parabolic-arc
body were reduced to the more convenient form of Mach
number distributions amd are show-n in @re 15. The
vahms of local Mach number were used to determine the
Iota.1temperature at the outer edge of the boundary layer.

—.

-7 I 1 1

FLG~ L5.-VerLaKondLccaLMaehxmmk tithIengthag detemdnedby presmmmk
mentson thepeiabo~o body.

The heat-transfer kta-for the parabolic-arc body at a free-
stream Mach number of 1.49 are shown in figure 16 and data”
obtained at a Mach number of 2.18 are shown in &we 17.-
Mtihough heat-tmmsfer data were obt.&ned at three Reynolcis
numbers, 2.5, 3.75, and 5.0 fion, at each Mach ntibeij-
ordy representative data are presented in figures 16 and 17.
The t.heore~icaldues of the heat-transfer parameter for
cones are shown in figures 16 and 17 for comparison -ri-iW
the experimental data. In addition, local -dues of the
heat-transfer pmameter for a. Mmh number of 1.5 were
computed for the test body by the method of reference 7.”
These values are shown in figure 16.

Inspection of the surface-tanperattire cdrves in Jigures
16(a), 16(b), and 17 reveals that the temperature at the
first measuring station -irFIsconsiderably higher than the
tergpeiature at subsequent stations. Aftm the tesiis were
completed it was found that this 10wJ hot region was par-
tially cwmsedb-y poor electrical .cont-act.between the copper
sting” and the stainless-steel shell. This connection was
@proved and the body ma tested again at a Mach
number of 1.49. As shown in figure 16 (c), a much more
uniform surface temperature mas obtained.

Eeat transfer with uniform surface temperature.-All
three of the bodies tested had severe surface temperature
gradients near the noses because the noses were solid and
essentidy unheated or uncooled. In the case of the heated
bodies, the data obtained with approximately &iforin”
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Dimensionless /engfh, s/Z
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surface temperatures (figs. 11, 12, and 16 (c)) indicatu
that when the large initial surface-tmnperatum gradient is
confined to the nose region on a body the effect on tho 10M1
-raluesof the heat-transfer parameter is small downstream of
the initial gradienh. In the case of the parabolic-arc body
which had the most c.cm.finedinitial gradient region (z*= O
to O.16), the data (@. 16 (c)) indicate t.ha~the eflcct tit
the most forward data point z*=O.23 was almost negligible.

The fact that the effect of a surface-tempcrntum gradicl~t

is depcni(lent on its lengthwise location on the lJody can

also be shown by the theory of reference 5.. ln this tllcory

the surface-temperature distribution is cxprcased in a
polynomial form such as the following:

T$*.=aO+alx*+alx*z . . . anx*n (4)

The heat-transfer parameter for cones is then given by the
following equation:

Nu ‘-

where a and n are coefficients and exponents, respect.iwly,
as shcmm in equation (4) and the vahws of l’.’(0), taken
from reference 5, are given in the following fable:

. m ‘--
! II

–1.3680
– 1.4836
– L 5975

1; –2. 0121
I I [

Although ordy the values of Y,’(0) for positive integer
values of n are tabulated, it has been found that forms of
equation (4) employing fractionfil exponents arc pnriiculnrly
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useful in reducing the required number of terms in poly-
nomials to give certain surface-temperature distributions.
Since polynomials with fictional exponents satisfy @ basic
diflerentid equations of reference 5, the use of fractional-
exponent terms in equation 5 is acceptable. The appropri-
ate @ues of Y.’(0) can be obtained for any fractionrd
value of n by iuterpolat.ion between the dues tabnIa~ed
abo~e.

To illustrate that the effect of a surface-temperature gra-
dient depends upon its position along the body, assume a
number of separate surface-temperature distributions alI
given by the equation

T,”=(z+b(z”)” (6)

where, for a gi~en distribution, n.-= 1, ~, !~, ~i, H6.or zero.
In going froxn the larger to the smaller values of n, the region
of the large initial temperature gradients for each curve w-ill
be confined to a smrdkr and smaller region near the o@”ni
It. is obvious that at n = O the surface temperattie wiU be
uniform. h’ow, turning to the values of Yn’(0), it. can be
seen that the values decrease es n decreases. Therefore, the
heat-transfer parameter curves (equation (5)) for each suc-
cessively smaller -m.lueof n approach the constant value for
a uniform surface temperature (n= O). This is the effect
that was observed in the experiments. (See fig. H?.)

In the ease of the cooled cone, the region of nonrmifccm
surface temperature derided to the 40-percent length sta-
tion, and the surface-temperature gradient-reversed ti sign
between the 20- and 40-percent length ~tations. (See fig.
14.) It might be expected from the theory of reference 5
that the lag in the boundary-Iayer temperature profile could
result in a Iocal decrement in the heat-tm&sfer parameter
when the surface-temperature gradient riversed. From the
previous discussion, where it was shown that the effects of a
surface-temperature gradient decrease downstream of the
gradient, it would be expected that the agreement between
the experimental and theoretical values of heat-transfer
parameter -would improve toward the rear of the body.
These effec~ are shown by the data of figure 14. It is inter-
esting to note t-hat the locaI hot region (z*=O.2) on the
paraboIic-am body caused surface-temperature distributions
simdar to those of the coded cone. (See figs. 14, 16(a),
16(b), and 17.) The effect of the revered in surface-tempgr-
ature gradients again caused the local vaIues of heat-tmms-
fer parameter to be less than the “uniform-temperature”
value.

The curve representing the heat-transfer data from tests
of the heated cone with the most uniform surface tempera-
ture (see & 12) has been repIotted in figure 14. & can be
seen, in the regions where the effects of the initiaI s@ace-
temperature gradient are smalI, the results from tests of the
heated and cooled cones are in good agreement. It can be
conchded that for the case of huninar boundaqy- Iayem on
bodies with uniform premurea and uniform surface tempera-
tures, the availabIe theory is satisfactory for engineering
purposes.

Heattiansfer with nonuniformsurface temperatures.-The
data obtained ffom t~ts of the healed cone with the least
uniform surface-temperature distribution are repIotted in

.-

.3-
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Fmmk 17.—Heat-transfercharadedstk M the pambolk+m body with the wigiue.1surface-
telll~mti dkhfblla .31-2.16, Rel.=26Xl@.

figure 13 for comparison with the theory of reference 5. -
(See equation (5) of the present report.) The first step in
this comparison was the conversion of the experimental
surfac+temperature distribution horn that of a cone to the ---
equivalent distribution on a.flat plate. M,angler, ref~ence 8,
has shown that.the conversion is: .-

(**,***)’=x*,I.,. (7)

The converted distribution is shown by the “flagged” symboIs
in flgum 13. The second step in the comparison was to
determine the wIues of the coefl%ients ao, q, q . . . a.
and values of the exponents of equation (4] so that the equa-

tion ~otdd fit t-he convert&l Surfac+temperature distribu-

tion. It has been assumed from the shape of the curve ,

through the experimental surface-temperature data shown in

ftgure 13 that the dashed extension of the curve in the region ._

Z* = O h“ 0.3 is a satisfactory approximation to t-he” actual

surface-temperature distribution. ~though this assumed “

portion of the tiurve and the analytical curve may both be in

error in the region& = O to 0.1 on the converted scaIe, it has

already been shown that initial temperature gradients are

not critical in determining heat. transfer a short distance

domostieam horn the gradients. For this reason, and others

that will be discussed later, an expression was derived that .

fits the data quite accurately only from z“ = 0.1 to O.T.

This equation in dimensionless form is

Z’=* -Z’,* =0.425 (&) ’i4–0.22 z“ . (8)

The local heat-transfer parametem obtt+.m+ by using equa-

tions (5] and (8), and converted back to the # vahws for _.
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cones, are shown in the lower half of figure 13. Agreement
b&veen theory and experiment would not be expected ahead
of the 47-percent length station on the experimental curve
because of the increasingly poor fit of the experimental and
analytical temperature curves ahead of the 10-percent length
station on the converted curve (O.10118=0.47,equation (7)).
However, the theory of reference 5 and the e.xperimentaare
in quite good agregment dow~strearnof the 47-percent Iength
station,

The abrupt rise in heat-transfer parameter at the rear of
the heated cone w shown in figures 11, 12, and 13 (z* = 0.93)
is not due to surface-tanperature gradient ellects, but is clue
to the beginning of transition.

In the preceding discussion it was neceamry to accept a
poor fit between the data and the analytical surface-tem-
perature distribution (equption (8)) in the region z*= Oto 0.1.
Considerable difficulty has been experienced in obtaining
sufficiently accurate analytical expressions for the surface-
temperature distributions. The obvious approach to obtain-
ing polynomial expressions is the method of least squares or
some other method of curve fitting using real, positive
integers as exponents. In general, the analytical curves
obtained with such methods oscillated about the experimental
curve and near x*= 1.0 abruptly diverged due to the irdluence
of the last term in the polynomial. lt was found that the
alternating positive and negative surface-temperature gra-
dients due to the oscillation Of the analytical curves resulted
in even greater rekdive oscillations in the corresponding
calculated heat-transfer-parameter curves. Also, because of
the eflect of the values of Yw’ (0) on the coetBcientaof. the
poIynon~ial, the abrupt divergence of the heat-transfer pa-
ramet er resulting from the divergence of the temperature
occurred at values of I * below 1.0. It appears that any
satisfactory polynomial with integer eqmients must have a
large number of terms and must give a fair curve to well
beyond z*= 1.0. The coefficients .of such polynomials are
tedious to determine. An alternative procedure which was
used in the present investigation, consisted of using a fairly
simple analytical expression to obtain a goo? fit between the
curves over the major part of the cone Iength vdde accepting
differences in the nose region. .AIthough the resulte for the
particular case shown in figure 13 indicate agreement between
theory and experiment, downstream of the 47-percent length
station, it is evident from the pretiaus discussion that the
restrictions impo”wd by the form of equation (4) limit the
application of the theory of reference 5 to orily simpIe vari-
ations of surface temperature with body Iength,

Eeat transfer on a body with nonuniform pressure.-Thc
boundary layer on a flat plate grows only in thickness with
distance along the surface, while the boundary layer on a
-pointed body of revolution must spread circumferentiaLIyas
it grows in thickness. The effect of this circumfarentiaI
spreading on the boundary-layer thickncxs, and hence on the
heat transfer, varies with the rate of change of circumference
with respect to length and oan be evrduated for any fair con-
tour by reIatione given in reference 8. For example, it can
be shown that on a cone, for which the pressure and the rate
of change of circumference are constant with length, the
boundary-layer thickness is less than that on a ffat plate by

the factor I/l& and the rate of hea~ transfer is greater by Lhc
factor ~ti. For a parabolic-arc body, the factors defhing the
boundary-layer thickness and the rate of heat transfer rela-
tive.to a two-dimensional surface witb an equivalent prcssurr
distribution vary from the conicrd vahles (1/16 and @,
respectively) at the vertex to unity at the point. where the
rite of change of circumference becomes zero. Thcrcforc,
the rate of growth of the boundary layer and the rntc of hat
transfer on such a body are the same as on a coned tho mpcx,
but the decreasing rate of change of circumference ah-mgt1](1
body tends to increase the rate of growth of t]le honndary
layer relative to that on a cone and tends to decrease the ra(c
of heat transfer. Although the effect of a pressure gratlient.
on the characteristics of a boundary layer cannot be pre-
dicted exactly, it is known that a negative pressure gradient
causes the boundary layer to thicken IN rnpidly with length
than is the case if the pressure were ,constant, regardless of
the body shape. Thus, on a body for which both W pressure
and the rate of change of circumference decrease with hmgth,
the effect of the pressure gradient tends to counteract (he
eflect of the variation of circumference on the boundary-layer
characteristics.

The heat-transfer data obtained with the prwfil)olic-tire
body and the theoretical values of heat-transfer parmnctcr
for uniform-temperature cones (0..51at a Mach number of
1.4.9and 0.48 at a Mach number of 2.18) are shown in fig-
ures M and 17. It is apparent in figure 16 that the data,
the theory for cones, and the method of rcferenre 7, arc in
fairly good agrecmen~. AMr the locaI hot region at tlw
nose of the body had been eliminated, the data shown in f~-
ure 16 (c) were obtained. Good. agreement bdwceu tly
experimental data, the theory for cones, and the method of
reference 7, is again apparent. Because of the good ngrcc-
ment between the theory for cones and the wqwrimrnial data
shown in figure 16 (c), and the agrccmcnt shown in figures
16 (a), 16 (b), and 17, it can be ~~pccted that W;henthe sur-
face temperature is uniform, good agreement JYouldhe ob-
tained at least throughout” the test range of Mach number
and Re-polds number. It should bo notml that tho small
variation of the individual values of heat-transfer pmamclcr
from a fair curve is consistent throughout and is pmsibIy
due to small deviations in thickness of the cono shell. Com-
parison of the data of figure 16 (c) with the data of figures
16 (a), 16 (b), and 17 reveaI that there was a sIight reduction
in the local values of the heat-transfer parameter omr most
of the body when the negati~e temperature gradient at tlw
nose was reduced. However,. the reduction at each stuti~n
on the body where it occu~d is within W wpmitncn tal
accuracy.

Since the experimental -dues of th~ heat-transfer para nl-

eter remained essentially constant along the parabolic-m-r

body, th~ effect of the negative pressure gradient is ~ppar-

ently opposite and, approximately equal to the cffwL of the
decreasing rate of clymge of the circumfcrcnee on tllo growth
of the boundary layer. The present investigation, however,
is inconclusive as to the exact individual effects of []LCpres-
sure gr~dient and body shape on heat tm-nsfcr, It has been
shown that the local heat transfer for a parabolic-arc body
can be mdculated with satisfactory accura;y by applying [IN
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theory for cones. Because of the agreement between the
results of the experiments, the method of reference 7, and the
theory for cones, it appears reasonable to assume that this
agreement would be obtiined with other pointed body shapes
that gi-re rise to uniform negativ~pressure gradients. On a
body that is more alender than the one tested, the effects of
the chmging circumfercmceamd the pressure gradient would
be Iess and -wouldstill tend ta counteract each other, Con-
verdy, on a more bhmt body both effects should be Iarger.
Hovremr, additional experiments with other body shapes
covering a wider range of Mach numbem are necessary before
the theory for cones can be considered to be appIicabki to all
fair bodies of revoMion tith negati~e pressure gradiem%.

CO~CLUSIOJW

The results obtained from tests of three bodies of revolu-
tion at supersonic dociti~ ha-ie provided information on
three important phases of the heat-tiamfer prob@-
boundary4ayer transition, tempemturs-recovery factor, md
heat-transfer parameter (for Iaminar boundary Iayers). The
following conclusions are based on these results and compar-
isons with available theories: .

1. The effect of adding heat to a hmninarboundary Iayer
is to cause premature transition and the eflect of @ratting
heat is to deIay tmmsition although to Iesser degree than
could be expected from the implications of t-he theory of
Leea (NAGA Rep. 876)..

2. The recovery temperafmreon cones md in the negativa
prwsure-gradient region on bodies of re-ioIution can be com-
puted with satisfactory accuracy by use of the theoretical
recovery factors for Iaminar and turbulent boundary Iayers

=nd the local ~lach number just outside the boundary layer.
3. The values of heat-transfer parameter for Iaminm

boundary layers obtained from the theories for uniform
surface temperatures (C?rocco,and Hantsche and Wandt) are

~ in good agrement with experinmut for both heated and
cooIed bodies.

4. Values of heat-transfer parameter for lamimw boundary
layacs obtained from the theory of Chapman and Rubesin

for nonuniform surface tempe~.tures me in good agreement
-with experiment; however, t:he agreement is markedly de-
pendent upon obt.a.iningan exact anaIfiical e.qmession for
the mperimenkal surface-temperature distribution.

5. The values of h~aktranafer pammet-er on the forward
half of a pointed parabolic-arc bod~ with a laminar bound-
ary Iayer when based on the locaI Mach number just outside
the boundary Iayer are almost identicaI to those of cones.

km &ZROXLUTICAL LABORATORY,

h’AmoxAL ADVISORY ~OMMI’rrEE FOR ~EROXAUTICSj”

llOFFETT. FIELD, CALIF., December 17, 1948.
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